Interleukin (IL)-17, the signature cytokine secreted by T helper (Th) 17 cells, plays important roles in host defense against extracellular bacterial infection and fungal infection and contributes to the pathogenesis of various autoimmune inflammatory diseases. Here we review the recent advances in IL-17-mediated functions with emphasis on the studies of IL-17-mediated signal transduction, providing perspective on potential drug targets for the treatment of autoimmune inflammatory diseases.
INTRODUCTION
Two decades ago, T helper (Th) cells were divided into Th1 and Th2 subgroups according to their distinct cytokine secretions and functions.
1,2 Interleukin (IL)-12-activated Th1 cells secrete interferon-c, which mediates cellular immunity, while Th2 cells produce IL-4, IL-5 and IL-13, which mediate humoral immunity. However, some intriguing phenomena were observed that cannot be explained by the Th1/ Th2 paradigm. Interferon-c-and IL-12-deficient mice were unexpectedly found to be more susceptible to experimentally induced autoimmune encephalomyelitis (EAE). 3, 4 This paradox remained elusive until the discovery of the Th17 subset (producing IL-17A, IL-17F, IL-21 and IL-22) of Th cells. 5 It is now known that while Th17 cells play a major role in EAE development, the Th1 cytokine, interferon-c, inhibits Th17 development. Importantly, recent data demonstrate that both Th1 and Th17 cells can independently induce EAE, possibly through different mechanisms. [6] [7] [8] [9] Th17 cells have also been found to play a critical role in host defense. Enormous progress has been made in understanding the regulation of Th17 development, which has been comprehensively reviewed elsewhere. [10] [11] [12] [13] [14] [15] The functionality and pathogenicity of Th17 cells are conferred by the cytokines that they produce. In this review, we focus on IL-17, the signature cytokine of Th17 cells, which has been shown to play an essential role in host defense and inflammatory diseases.
FUNCTIONS OF THE IL-17 FAMILY

IL-17 and IL-17 receptor family
Six IL-17 family members have been discovered: IL-17A (also called IL-17), IL-17B, IL-17C, IL-17D, IL-17E (also named IL-25) and IL-17F. 16 IL-17 (IL-17A) is the prototype of the IL-17 family and IL-17F is most closely related to IL-17A in regard to its protein sequence. IL-17F has been crystallized, and it displays a three-dimensional cysteine-knot fold architecture. 17 The IL-17 family members function as either homodimers or heterodimers. 18, 19 IL-17A, IL-17F and IL-17E are important proinflammatory cytokines, although the functions of IL-17B, IL-17C and IL-17D are still poorly understood.
Five IL-17 receptors have been identified, namely, IL-17RA, IL-17RB, IL-17RC, IL-17RD and IL-17RE. IL-17RA (also called IL-17R) is the best characterized receptor. 16, [20] [21] [22] IL-17RA can be bound by both IL-17 and IL-17F, but it has 10-fold more affinity for IL-17 than for IL-17F. Accordingly, IL-17 can induce a much stronger inflammatory response than IL-17F. IL-17RC was found to be a coreceptor for IL-17R, although both receptors are not always coexpressed in cells. While both IL-17E and IL-17B bind IL-17RB, inducing the production of Th2 cytokines, IL-17E is much more potent in cytokine induction than IL-17B. The ligand for IL-17RD is still unknown. IL-17C may be the ligand for IL-17RE, but the functional link has not yet been identified. Recent studies have shown that binding of the first receptor to the IL-17 cytokines modulated the affinity and specificity of the second binding event, thereby promoting heterodimeric versus homodimeric complex formation. production and, consequently, a significant delay in neutrophil recruitment into the alveolar space. 25 IL-17 is also important for host defense against Porphyromonas gingivalis oral infection. IL-17R-deficient mice were shown to be substantially more susceptible to infection-induced periodontal disease due to defects in chemokine production and antibacterial neutrophil recruitment. 26 In addition to its role in host defense against extracellular bacterial infection, IL-17 has recently been shown to be important in protection against fungal and parasitic infection. IL-17R-deficient mice were reported to have increased kidney fungal burden and decreased survival upon Candida albicans challenge. 27 Infection with toxoplasma, a protozoan pathogen, in IL-17R-deficient mice resulted in a decreased survival rate and increased parasite burden due to reduced neutrophil recruitment. 28 Interestingly, IL-17 was also essential for host resistance to the intracellular pathogen Francisella tularensis. 29 While the function of IL-17 in viral infection is less clear, some studies suggest that IL-17 plays a pathogenic role, instead of protective one, during viral infection. 30, 31 Inflammatory diseases IL-17 induces sustained production of inflammatory cytokines, such as IL-1, GM-CSF, TNF-a and IL-6 as well as chemokines, including CXCL1 (KC), CCL2 (MCP-1), CXCL2 (MIP-2), CCL7 (MCP-3) and CCL20 (MIP-3A). IL-17 can also act synergistically with IL-1 and TNF for the induction of proinflammatory genes. IL-17 levels are elevated in the sera from patients with asthma and in the synovial fluids from patients with arthritis. As outlined below, in vivo studies demonstrated the critical role of IL-17 in autoimmune and inflammatory diseases.
Autoimmune diseases
While the etiology of autoimmune diseases remains unclear, it is generally believed that the break of central and peripheral tolerance leads to the escape of autoreactive T and B cells from normal selection. These autoreactive T and B cells are activated and expanded when they encounter their cognate 'self'-antigens and they become pathogenic, resulting in humoral and cellular abnormality. The pathogenic autoreactive lymphocytes eventually lead to organ-specific diseases (such as multiple sclerosis and type 1 diabetes mellitus) or systemic autoimmune diseases (such as systemic lupus erythematosus and primary Sjögren syndrome) through their infiltration into the tissues, which is followed by exacerbated inflammatory responses and tissue destruction. 32, 33 While Th1 cells play an important role in the development of autoimmune diseases, recent studies have demonstrated the potent pathogenic role of Th17 cells and its hallmark cytokine, IL-17, in autoimmune diseases. IL-17 is elevated in patients with autoimmune diseases such as rheumatoid arthritis, multiple sclerosis, inflammatory bowel disease, asthma and psoriasis. 16 Gene targeting through transgenic and knockout mouse models have supported the association of IL-17 with the development of autoimmunity. IL-17-or IL-17R-deficient mice are resistant to type II collagen-induced arthritis and streptococcal cell wall-induced arthritis. 34, 35 IL-17 and IL-17R deficiency also attenuates the immune infiltration in the brain during the development of experimental EAE. 36, 37 Importantly, IL-17 antibody or IL17R-Fc blockage can efficiently reduce autoimmune pathology in arthritis and EAE, suggesting the potential clinical application of these reagents for treatment of autoimmune diseases. 38, 39 Other inflammatory diseases The link between chronic inflammation and cancer has been well established, including both anti-and protumorigenesis effects. Therefore, it is not surprising that IL-17 has been associated with the pathogenesis of certain malignancies. IL-17 has been shown to have angiogenic effects both in vitro and in vivo. Tumor cell lines transfected to overexpress IL-17 led to significantly enlarged tumors in nude mice. Consistently, IL-17 was found to be increased in patients with cancers such as ovarian cancer, Hodgkin's lymphoma, prostatic carcinoma and cervical cancer. 20 Interestingly, tumor models in IL-17-deficient mice produced seemingly opposite results. In a model of B16 melanoma and MB49 bladder carcinoma, tumor growth was reduced in IL-17-deficient mice, partly due to decreased IL-6-Stat3-mediated inflammatory and survival effects. 40 Nevertheless, in a model of MC38 colon cancer, tumor growth and metastasis to the lung were enhanced in IL-17-deficient mice, suggesting decreased antitumor immunity in these mice. 41 These results indicate that IL-17-mediated inflammatory responses have both pro-and antitumorigenesis effects, which need to be taken into consideration when targeting IL-17 signaling for cancer therapy. It is important to note that IL-17 has also been associated with other inflammatory diseases, including TNF-a-induced shock and atherosclerosis, although the underlining molecular mechanisms need to be identified.
IL-17 SIGNALING
IL-17A-mediated signaling Because IL-17 has been implicated in many autoimmune inflammatory diseases, much effort has now been directed toward the understanding of IL-17-mediated signaling mechanism(s). While IL-17 has been shown to activate many common proinflammatory signaling pathways, including NF-kB, mitogen-activated protein kinases (JNK, P38 and ERK), CCAAT/enhancer-binding proteins (C/EBPs), phosphoinositide 3-kinase (PI3K) and Stats, the proximal receptor signaling and subsequent intermediate signaling components remain unclear. Recently, studies have begun to unravel some important signaling intermediates (Figure 1 ).
tumor-necrosis factor receptor-associated factor 6 (TRAF6). The adaptor TRAF6 was found to be the first intermediate signaling molecule and was shown to be essential for IL-17-mediated NF-kB and JNK activation from studies of TRAF6-deficient mouse embryonic fibroblasts. 42 Consistently, IL-17-induced IL-6 was abolished in the TRAF6-deficient mouse embryonic fibroblasts.
Act1. IL-17 receptors belong to a newly defined similar expression to fibroblast growth factor genes and IL-17Rs (SEFIR) protein family; they have a conserved sequence segment called SEFIR in their cytoplasmic domain. 43 The SEFIR domain contains conserved motifs similar to those found in Toll-IL-1R domain containing proteins, comprising the STIR domain superfamily. Like the Toll-IL-1R domain, it is speculated that the SEFIR domain is responsible for the homotypical interaction between proteins. However, the key IL-1/Toll signaling molecules, MyD88 and IRAK1, are not involved in IL-17-mediated signaling and gene induction. 44 We previously cloned and identified Act1 (NF-kB activator 1) as an adaptor molecule with the ability to activate NF-kB. Act1 was later shown to negatively regulate CD40-and B cell-activating factor belonging to TNF family (BAFF) mediated B-cell survival and autoimmunity. 45, 46 Act1 contains two TRAF-binding sites, a helix-loop-helix domain at the N-terminus, and a U-box-like region and a coiled-coil domain at the C-terminus. Importantly, it was recently found that Act1 contains a SEFIR domain in its coiled-coil region at the C-terminus, and therefore, Act1 becomes a member of the SEFIR protein family. We and
others have reported that Act1 is an essential adaptor molecule in the IL-17-mediated signaling pathways, 44, 47 recruited to the IL-17R upon IL-17 stimulation through SEFIR-SEFIR domain interaction. Our recent study indicated that Act1 is a novel, bona fide E3 ubiquitin ligase through its U-box-like region, whose activity is essential for IL-17-mediated signaling pathways and inflammatory gene expression. By utilizing the Ubc13/Uev1A E2 complex, Act1 mediates Lys 63-linked ubiquitination of TRAF6, which is critical for the ability of TRAF6 to mediate IL-17-induced NF-kB activation through the activation of transforming growth factor-b-activated kinase 1 (TAK1) and IkB kinase. 48, 49 JAK. A recent investigation observed that IL-17 can activate JAK1/2 and PI3K pathway, which coordinate with the NF-kB activating pathway of Act1/TRAF6/TAK1 for gene induction, especially for host defense genes (e.g., human defensin 2) in human airway epithelial cells. 50 Interestingly, a recent report showed that Stat3 is critical for IL-17-mediated CCL11 expression in human airway smooth muscle cells. 51 However, more direct evidence for the roles of JAK/PI3K and JAK/Stat in IL-17 signaling are needed to avoid secondary effects because JAKs can be strongly activated by IL-17-induced cytokines, such as IL-6. mRNA stability. IL-17 can synergize with TNF or IL-1 in inflammatory gene induction in which post-transcriptional effects through mRNA stability play a major role. Act1 is required for IL-17-mediated stability of KC mRNA induced by TNF-a. 47 Interestingly, TRAF6 was actually dispensable for IL-17-induced mRNA stability, although it is required for IL-17-induced NF-kB and JNK activation, and inflammatory gene induction, suggesting that key linkers for Act1-mediated mRNA stability in IL-17 signaling are still missing. 52 Further investigations in this direction will advance our understanding of the mechanisms of IL-17-mediated inflammatory effects.
Negative regulation. One important question is whether and how IL-17 signaling is negatively regulated to adequately prevent inflammatory disorders. It has recently been shown that blockade of the PI3K pathway led to upregulation of IL-17RA, which can potentially enhance IL-17 signaling. 53 IL-17 has been found to directly activate phosphorylation cascades to inactivate C/EBPb, a critical transcription factor for mediating induction of IL-17-responsive genes. 54 IL-17 signaling activates ERK to phosphorylate Thr-188 of C/EBPb, which is required for Thr-179 phosphorylation of C/EBPb by glycogen synthase kinase 3b (GSK3b). The two phosphorylation events are probably activated through different signaling pathways as they require different domains in the IL-17R. Phosphorylation of these two sites leads to C/EBPb inactivation. Although recent studies have started to dissect the negative regulation of IL-17 signaling, further research is still needed for the thorough understanding of IL-17 control signaling at different levels.
Signaling of other IL-17 members
The signaling mediated by other IL-17 ligands or IL-17 receptors is still poorly characterized. IL-17F, like IL-17, also binds to IL-17R and IL-17RC and uses similar signaling molecules, such as Act1 and TRAF6. 18 However, the in vivo functions of IL-17 and IL-17F are different, suggesting that they might mediate differential signaling pathways. IL-17E (also called IL-25) is the most divergent member of the IL-17 family. Recent studies showed that IL-25 functions as an important mediator of Th2 responses. [55] [56] [57] [58] [59] IL-25 is produced by airway epithelial cells, by T lymphocytes of the CD4 1 subset with a Th2 profile and by innate effector eosinophils and basophils. While recombinant IL-25 can induce Th2 immunity, elevated IL-4, IL-5, IL-13, eosinophilia and immunoglobulin E, endogenous IL-25 is critical for allergen-induced pulmonary airway hyper-responsiveness and inflammation in a mouse model of asthma. These findings clearly demonstrate that 
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IL-25 is an important mediator of Th2 responses, suggesting that IL-25 lies upstream of the classical Th2 cytokine pathway. Similar to IL-17 signaling, TRAF6 has been shown to be involved in IL-25-mediated signaling. 60 We recently reported that Act1 is also an essential signaling molecule for IL-25 receptor signaling. Mice deficient in Act1 have abolished IL-25-induced expression of cytokines (IL-4, IL-5 and IL-13) and chemokines (eotaxin, TARC and RANTES) in the airway and reduced allergen-induced pulmonary eosinophilia. Importantly, Act1 deficiency in epithelial cells results in diminished Th2 responses and less lung inflammation. These findings provide the rationale for us to investigate the detailed molecular mechanisms of how IL-25 mediates Th2 immunity and to apply this knowledge to the development of new therapeutics for the treatment of asthma.
While IL-25 binds to IL-17RB, an interesting finding is that IL-17RA is required for IL-25-mediated function in vivo, 61 indicating that IL-25 might use the IL-17RA/IL-17RB complex for signaling. Interestingly, we and others recently found that IL-25 stimulation also leads to the recruitment of Act1 and TRAF6 to IL-17RB, suggesting that IL-25 signaling may use similar signaling intermediates as those used in the IL-17-mediated pathway. 62, 63 However, because the in vivo functions and the target genes of IL-17 and IL-25 are quite different, the two cytokines probably also mediate specific/differential signaling as well. Future investigation into these molecular mechanisms should advance our understanding of whether and how the same and/or different signaling molecules are used in IL-17 versus IL-25 signaling for different functions. The ligand for IL-17RD is still not known, while IL-17C may be the ligand for IL-17RE. Recent studies showed that IL-17RD may work with IL-17R to potentiate IL-17 signaling, 64 while overexpression of IL-17RE was shown to activate the ERK pathway. 65 The in vivo functions would require studies of mice deficient in these receptors.
The in vivo functions of signaling intermediates Act1, TRAF6 and TAK1 are the known intermediate signaling molecules in the IL-17 pathway and potentially other IL-17 family members mediate signaling via these proteins. The in vivo function for TRAF6 and TAK1 in IL-17-mediated signaling is lacking because TRAF6-and TAK1-deficient mice are embryonically lethal. Considering the importance of Act1 in IL-17 signaling, Act1-deficient mice provide a useful model system to investigate the effector function(s) of IL-17 signaling in vivo. While IL-17 plays an essential role in the development of EAE. 36, 37, 39 it remains unclear how IL-17-mediated signaling occurs in different cellular compartments and participates in the central nervous system (CNS) in EAE. Li and colleagues have now shown that Th17 cells are robustly generated in Act1-deficient mice and normally infiltrate the Act1-deficient CNS but fail to recruit hematogenously derived lymphocytes, neutrophils and macrophages into the CNS. 47, 66 Importantly, Act1 deficiency in endothelial cells or in macrophages/ microglia did not substantially impact the development of EAE. However, targeted Act1 deficiency in CNS-resident neuroepithelial cells significantly delayed EAE onset and significantly reduced EAE severity regardless of whether EAE was induced by active immunization or adoptive transfer of myelin-specific Th17 cells. Astrocytes are neuroepithelial, and their direct contacts with the glia limitans and the cerebral vasculature enable them to couple inflammatory cytokine expression to invasion of the CNS by hematogenous leukocytes. Importantly, we observed that CNS-resident astrocytes were highly responsive to IL-17 and that IL-17-mediated inflammatory gene induction was impaired in Act1-deficient astrocytes. Based on these findings, we hypothesize that IL-17 signals to astrocytes in an Act1-dependent fashion to amplify the inflammatory cascade, which is essential for EAE pathogenesis.
It has also been reported that IL-17 is elevated in intestinal tissues and serum of patients with inflammatory bowel disease. It was shown that the development of 2,4,6-trinitrobenzene sulfonic acid-induced colitis or dextran sodium sulfate-induced colitis is attenuated in IL-17R-deficient mice or IL-17A-deficient mice, respectively, indicating the importance of IL-17 signaling in intestinal inflammation. 67, 68 Interestingly, a recent study showed a protective role of IL-17A in T cell-mediated intestinal inflammation, in which IL-17A directly inhibits Th1 development and therefore Th1-mediated colitis. 69, 70 suggesting that IL-17 signaling may exhibit cell type-specific roles that need to be identified through investigation of IL-17R cell type-specific deficient mice. Because Act1 is highly expressed in colonic epithelial cells and IL-17 can effectively upregulate the expression of inflammatory genes in epithelial cells, it was hypothesized that the epithelial cells might be the major cell type responsible for the impact of IL-17-mediated inflammatory reactions on the development of inflammatory bowel disease. Indeed, the epithelial-specific Act1-deficient mice had reduced dextran sodium sulfate-induced colitis, which strongly indicates that Act1 expression in colonic epithelium plays a critical role in IL-17-dependent intestinal inflammation. 47 It would be interesting to know if specific deletion of Act1 in T cells has a protective role in dextran sodium sulfate-induced colitis as shown in IL-17-or IL-17R-deficient mice.
Act1 will be an invaluable mouse model for studying IL-17-mediated functions. As Act1 is likely to be the common signaling adaptor for the IL-17 family members, the phenotypes of Act1-deficient mice could be more severe and complicated than those of IL-17R-or IL-17-deficient mice. Much work is needed to investigate the potential roles of Act1 in host defense and the development of other inflammatory diseases in addition to the checked EAE and colitis, in comparison with IL-17R-or IL-17-deficient mice. Because the conditional IL-17R knockout mouse is still not available, the Act1-floxed mouse will be important to dissect contributions of different cell types to IL-17-mediated functions and to pathology of various inflammatory diseases.
CONCLUSION IL-17, the signature cytokine secreted by Th17 cells, is required for host defense against extracellular bacterial infection and fungal infection, and contributes to the pathogenesis of various autoimmune inflammatory diseases. IL-17 family members have become important targets for treating different forms of inflammatory disorders, including the use of IL-17 decoy receptors and IL-17 blocking antibodies. As IL-17 has an important protective role in host defense, blocking IL-17-mediated functions may generate side effects, including increased susceptibility to infection. Further investigations into the molecular signaling and subsequent functions of the IL-17 family can potentially provide ideal targets for alleviating symptoms associated with inflammatory diseases without compromising host defense. 
